Abstract: This paper studies on the dependence of the mean nearest neighbor distance, the Young modulus E, the bulk modulus K, the rigidity modulus G and the elastic constants C 11 , C 12 , C 44 on temperature, pressure, the concentration of substitution atoms and the concentration of interstitial atoms for alloy AuCuSi (substitution alloy AuCu with interstitial atom Si) with FCC structure by the way of the statistical moment method (SMM). The numerical results for alloy AuCuSi are compared with the numerical results for main metal Au, substitution alloy AuCu, interstitial alloy AuSi, other calculated results and experiments.
Introduction
There are many theoretical and experimental works on thermodynamic and elastic properties of metals and alloys .
The main metal in alloy AuCuSi is Au. At 0.1 MPa, Au has a FCC structure with a = 0.40785 nm at 25 o C and melting point at 1064 o C. The melting curve of Au was studied by the Hugoniot calculation and by the statistical moment method (SMM) [8] [9] [10] .
Thermodynamic and elastic properties of metals, substitution alloy and interstitial alloy are studied by the SMM [11] [12] [13] This paper derives the theory of elastic deformation for substitution alloy AB with interstitial atom C and face-centered cubic (FCC) structure under pressure by the SMM and the obtained theory is applied to alloy AuCuSi.
Content of research Analytic results
In interstitial alloy AC with FCC structure, the cohesive energy of the atom C (in body center of cubic unit cell) with the atoms A (in face centers and peaks of cubic unit cell) in the approximation of three coordination spheres with the center C and the radii r 1 , r 1 ffiffi ffi 3 p , r 1 ffiffi ffi 5 p is determined by [11] [12] [13] u 0C = 1 2
' AC r i ð Þ = 
where ' AC is the interaction potential between the atom A and the atom C, n i is the number of atoms on the ith coordination sphere with the radius r i ði = 1, 2, 3Þ, r 1 ≡ r 1C = r 01C + y 0A1 ðTÞ is the nearest neighbor distance between the interstitial atom C and the metallic atom A at temperature T, r 01C is the nearest neighbor distance between the interstitial atom C and the metallic atom A at 0 K and is determined from the minimum condition of the cohesive energy u 0C , y 0A 1 ðTÞ is the displacement of the atom A 1 (the atom A stays in the face centers of cubic unit cell) from equilibrium position at temperature T. The alloy's parameters for the atom C in the approximation of three coordination spheres have the form [11] [12] [13] . 
where '
, α, β = x, y, z, α ≠ β and u iβ is the displacement of the ith atom in the direction β.
The cohesive energy of the atom A 1 with the atoms in crystalline lattice and the corresponding alloy's parameters in the approximation of three coordination spheres with the center A 1 is determined by [11] [12] [13] .
where r 1A 1 = r 01A 1 + y 0C ðTÞ is the nearest neighbor distance between the atom A 1 and atoms in crystalline lattice at temperature T, r 01A 1 is the nearest neighbor distance between the atom A 1 and atoms in crystalline lattice at 0 K and is determined from the minimum conditioning of the cohesive energy u 0A 1 , y 0C ðTÞ is the displacement of the atom C from equilibrium position at temperature T and u 0A is the cohesive energy between atoms in clean metal A.
The cohesive energy of the atom A 2 with the atoms in crystalline lattice and the corresponding alloy's parameters in the approximation of three coordination spheres with the center A 2 is determined by [11] [12] [13] . 
where r 1A2 = r 01A2 + y 0A2 ðTÞ, r 01A2 is the nearest neighbor distance between the atom A 2 and atoms in crystalline lattice at 0K and is determined from the minimum condition of the cohesive energy u 0A2 , y 0A2 ðTÞ is the displacement of the atom A 2 at temperature T. In eqs. (3) and (4), u 0A , k A , γ 1A , γ 2A are the corresponding quantities in clean metal A in the approximation of two coordination sphere [11] [12] [13] .
The equation of state for interstitial alloy AC with FCC structure at temperature T and pressure P is written in the form
, v X = 4r
At 0 K and pressure P, this equation has the form
If knowing the form of interaction potential ' i0 , eq. (6) permits us to determine the nearest neighbor distance
Þat 0 K and pressure P. After knowing r 1X P, 0 ð Þ, we can determine alloy parameters k X ðP, 0Þ, γ 1X ðP, 0Þ, γ 2X ðP, 0Þ, γ X ðP, 0Þ at 0 K and pressure P. After that, we can calculate the displacements [11] [12] [13] 
From that, we derive the nearest neighbor distance r 1X P, T ð Þ at temperature T and pressure P 
Then, we calculate the mean nearest neighbor distance in interstitial alloy AC by the expressions as follows [11] [12] [13] r 1A ðP, TÞ = r 1A ðP, 0Þ + yðP, TÞ, r 1A ðP,
where r 1A ðP, TÞ is the mean nearest neighbor distance between atoms A in interstitial alloy AC at pressure P and temperature T, r 1A ðP, 0Þ is the mean nearest neighbor distance between atoms A in interstitial alloy AC at pressure P and 0 K, r 1A ðP, 0Þ is the nearest neighbor distance between atoms A in clean metal A at pressure P and 0K, r′ 1A ðP, 0Þis the nearest neighbor distance between atoms A in the zone containing the interstitial atom C at pressure P and 0K and c C is the concentration of interstitial atoms C. In alloy ABC with FCC structure (interstitial alloy AC with atoms A in peaks and face centers, interstitial atom C in body centers and then, atom B substitutes atom A in face centers), the mean nearest neighbor distance between atoms A at pressure P and temperature T is determined by
2 ðP, TÞ
The mean nearest neighbor distance between atoms A in alloy ABC at pressure P and temperature T is determined by
The free energy of alloy ABC with FCC structure and the condition c C < < c B < < c A has the form
where ψ X is the free energy of atom X, ψ AC is the free energy of interstitial alloy AC, S AC c is the configuration entropy of interstitial alloy AC and S ABC c is the configuration entropy of alloy ABC.
The Young modulus of alloy ABC with BCC structure at temperature T and pressure P is determined by
where ε is the relative deformation, E ABC = E ABC ðc B , c C , P, TÞ, E AB = E AB c B , P, T ð Þis the Young modulus of substitution alloy AB and E AC = E AC c C , P, T ð Þis the Young modulus of interstitial alloy AC.
The bulk modulus of alloy ABC with FCC structure at temperature T and pressure P has the form
The rigidity modulus of alloy ABC with FCC structure at temperature T and pressure P has the form
The elastic constants of alloy ABC with FCC structure at temperature T and pressure P has the form
The Poisson ratio of alloy ABC with FCC structure has the form
where ν A , ν B and ν C respectively are the Poisson ratios of materials A, B and C and are determined from the experimental data.
When the concentration of interstitial atom C is equal to zero, the obtained results for alloy ABC become the corresponding results for substitution alloy AB. When the concentration of substitution atom B is equal to zero, the obtained results for alloy ABC become the corresponding results for interstitial alloy AC. When the concentrations of substitution atoms B and interstitial atoms C are equal to zero, the obtained results for alloy ABC become the corresponding results for main metal A.
Numerical results for alloy AuCuSi
For alloy AuCuSi, we use the n-m pair potential
where the potential parameters are given in Table 1 [14] Considering the interaction between Au and Si and between Au and Cu, we use the following approximation
and ignore the interaction between Cu and Si. The calculated results are summarized in tables from Table 2 to Table 8 and illustrated in figures from Figure 1 to Figure 8 .
According to our numerical results, for alloy AuCuSi at the same pressure, temperature and concentration of substitution atoms when the concentration of interstitial atoms increases, the mean nearest neighbor distance also increases. For example for alloy AuCuSi at T = 300 K, P = 70 GPa and c Cu = 10% when c Si increases from 0% to 5%, r 1 increases from 2. For alloy AuCuSi at the same temperature, concentration of substitution atoms and concentration of interstitial atoms when pressure increases, the mean nearest neighbor distance decreases. For example for alloy 
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AuCuSi at T = 300K, c Cu = 10%, c Si = 5% when P increases from 0 to 70 GPa, r 1 decreases from 2.8740A o to 2.7086A o . For alloy AuCuSi at the same pressure, temperature and concentration of interstitial atoms when the concentration of substitution atoms increases, the mean nearest neighbor distance decreases. For example for alloy AuCuSi at T = 300 K, P = 30 GPa, c Si = 5% when c Cu increases from 0% to 15% r 1 decreases from 2. For alloy AuCuSi at the same pressure, temperature and concentration of substitution atoms when the concentration of interstitial atoms increases, the elastic moduli E, G, K decreases. For example for alloy AuCuSi at T = 300K, P = 70GPa and c Cu = 10% when c Si increases from 0% to 5%, E decreases from 3.5604. 10 11 Pa to 1.2905.10 11 Pa.
For alloy AuCuSi at the same temperature, concentration of substitution atoms and concentration of interstitial atoms when pressure increases, the elastic moduli E, G, K increases. For example for alloy AuCuSi at T = 300K, c Cu = 10%, c Si = 5% when P increases from 0 to 70 GPa, E increases from 0.6966. 10 11 Pa to 1.2950.10 11 Pa.
For alloy AuCuSi at the same pressure, temperature and concentration of interstitial atoms when the concentration of substitution atoms increases, the elastic moduli E, G, K increases. For example for alloy AuCuSi at T = 300K, P = 30GPa, c Si = 5% when c Cu increases from 0% to 15%, E increases from 0.9558. 10 11 Pa to 0.9697.10
11
Pa.
For alloy AuCuSi at the same pressure, concentration of substitution atoms and concentration of interstitial atoms when temperature increases, the elastic moduli E, G, K decreases. For example for alloy AuCuSi at P = 0, c Cr = 10%, c Si = 3% when T increases from 50 K to 1000 K E decreases from 0.9991. 10 11 Pa to 0.7959.10 11 Pa.
For alloy AuCuSi at the same pressure, temperature and concentration of substitution atoms when the concentration of interstitial atoms increases, the elastic constants C 11 , C 12 , C 44 decreases. For example for alloy 
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AuCuSi at T = 300K, P = 10GPa, c Cu = 10% when c Si increases from 0% to 5%, C 11 decreases from 4.4653.10 11 Pa to 2.2478.10 11 Pa.
For alloy AuCuSi at the same temperature, concentration of substitution atoms and concentration of interstitial atoms when pressure increases, the elastic constants C 11 , C 12 , C 44 increases. For example for alloy AuCuSi at T = 300K, c Cu = 10%, c Si = 1% when P increases from 0 to 70GPa, C 11 increases from 3.0798. 10 11 Pa to 3.8446.10
11
Pa. For alloy AuCuSi at the same pressure, temperature and concentration of interstitial atoms when the concentration of substitution atoms increases, the elastic constants C 11 , C 12 , C 44 decreases. For example for alloy AuCuSi at T = 300K, P = 30GPa, c Si = 5% when c Cu increases from 0% to 15% C 11 decreases from 3.0977.10 11 Pa to 2.6097. 10 11 Pa.
For alloy AuCuSi at the same pressure, concentration of substitution atoms and concentration of interstitial atoms when temperature increases, the elastic constants C 11 , C 12 , C 44 decreases. For example for alloy AuCuSi at P = 70GPa, c Cu = 10%, c Si = 5% when T increases from 50 K to 1000 K, C 11 decreases from 4.1345. 10 11 Pa to 3.6188.10
Pa. When the concentration of substitution atoms and the concentration of interstitial atoms are equal to zero, the mean nearest neighbor distance, the elastic moduli and the elastic constants of alloy AuCuSi respectively becomes the mean nearest neighbor distance, the elastic moduli and the elastic constants of metal Au. The dependence of mean nearest neighbor distance, the elastic moduli and the elastic constants on pressure and concentration of interstitial atoms for alloy AuCuSi is the same as the dependence of mean nearest neighbor distance, the elastic moduli and the elastic constants on pressure and concentration of interstitial atoms for interstitial alloy AuSi, respectively. The dependence of mean nearest neighbor distance, the elastic moduli and the elastic constants on pressure and concentration of substitution atoms for alloy AuCuSi is the same as the dependence of mean nearest neighbor distance, the elastic moduli and the elastic constants on pressure and concentration of substitution atoms for substitution alloy AuCu, respectively. Table 2 gives the nearest neighbor distance and the elastic moduli of Au at T = 300K, P = 0 according to the SMM and the experimental data [15, 16] . Table 3 gives the atomic volume and the rigidity modulus of Au near the melting temperature calculated by the SMM and other calculation [17] . Table 4 gives the elastic moduli E, K, G of Au at P = 0 and in different temperatures calculated by the SMM. Table 5 gives the elastic constants C 11 , C 12 , C 44 of Au at P = 0 and T = 300K calculated by the SMM and from EXPT [15] . Table 6 gives the elastic constants C 11 , C 12 , C 44 of Au at T = 300K and P = 0 calculated by the SMM, other calculations [18, 19, 26] and from EXPT [16] . Table 7 and  Table 8 give the dependences of elastic moduli E, K, G and elastic constants C 11 , C 12 , C 44 on temperature and concentration of substitution atoms Cu for substitution alloy AuCu at P = 0. [17] .
.
. Table 5 : Elastic constants C 11 , C 12 , C 44 of Au at T = 300 K and P = 0 calculated by the SMM and from EXPT [15] .
. Table 6 : Elastic constants C 11 , C 12 , C 44 of Au at T = 300 K and P = 0 calculated by the SMM, other calculations [18] [19] [20] [21] [22] [23] [24] [25] [26] and from EXPT [16] . 
Conclusion
The analytic expressions of the free energy, the mean nearest neighbor distance between two atoms, the elastic moduli such as the Young modulus, the bulk modulus, the rigidity modulus and the elastic constants depending on temperature, concentration of substitution atoms and concentration of interstitial atoms for substitution alloy AB with interstitial atom C and BCC structure under pressure are derived by the SMM. The numerical results for alloy AuCuSi are in good agreement with the numerical results for substitution alloy AuCu, interstitial alloy AuSi and main metal Au. Temperature changes from 5 to 1000 K, pressure changes from 0 to 70 GPa, the concentration of substitution atoms changes from 0% to 10% and the concentration of interstitial atoms changes from 0% to 5%.
